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SUMMARY 
The g e n e r a l conf igura t ion and m o v e m e n t of a v o r t e x shee t in the 
wake of an i s o l a t e d t w o - b l a d e d h o v e r i n g m o d e l h e l i c o p t e r r o t o r was 
d e t e r m i n e d e x p e r i m e n t a l l y to l e a r n m o r e about the flow p a t t e r n s in 
the wake of a l if t ing r o t o r . 
The m o d e l r o t o r was of the " t e e t e r i n g " type . The b l a d e s , which 
had an NACA 43015 a i r fo i l s e c t i o n , w e r e four feet in d i a m e t e r with a 
2:1 t a p e r r a t i o . The b l a d e s o p e r a t e d at a cons t an t b lade p i tch angle 
of n ine d e g r e e s in the s p e e d r ange of 400-500 r p m . 
The flow p a t t e r n s w e r e d e t e r m i n e d by m e a n s of a s m o k e v i s u a l i -
za t ion t echn ique and mot ion p i c t u r e p h o t o g r a p h y . T e n s m o k e p r o b e s 
w e r e s p a c e d on a w i r e ex tend ing r a d i a l l y and s ix i n c h e s above the p lane 
of the r o t o r . With the s m o k e p r o b e s o p e r a t i n g in s u c c e s s i o n , mo t ion 
p i c t u r e s w e r e m a d e of the pa th t aken by a s m o k e p l u m e t h r o u g h the 
r o t o r wake . A s u p e r p o s i t i o n of the r e s u l t s of the s m o k e v i s u a l i z a t i o n 
s tud i e s p r o v i d e d the g e n e r a l conf igu ra t ion and m o v e m e n t of a v o r t e x 
shee t t o g e t h e r with the pa th and n o r m a l componen t of induced v e l o c i t y 
at the v o r t e x shee t e l e m e n t s . 
It was found tha t the l eng th of a c r o s s - s e c t i o n of the v o r t e x 
s h e e t in a r a d i a l p l ane i n c r e a s e s as the shee t m o v e s t h rough the wake . 
A n o n l i n e a r i n c r e a s e in the n o r m a l componen t of induced ve loc i ty of 
the v o r t e x s h e e t e l e m e n t s with an i n c r e a s e in r a d i u s , coupled with a 
n o n l i n e a r r a d i a l m o v e m e n t i nboa rd c a u s e s the o u t e r p o r t i o n of the v o r t e x 
shee t to m o v e down t h r o u g h the wake f a s t e r than the i n b o a r d p o r t i o n . 
T h e r e is an a p p a r e n t r o t a t i o n of the i n b o a r d p o r t i o n of the v o r t e x shee t 
in a given r a d i a l p l ane about a mov ing point on the i n b o a r d edge of the 
s h e e t . The flow at the p l ane of the r o t o r and in the wake was u n s t e a d y 
with no d i s c e r n i b l e p e r i o d i c i t y ; h e n c e , the r e s u l t s of th i s r e p o r t which 
r e p r e s e n t s a s u p e r p o s i t i o n of s m o k e s t u d i e s not t aken s i m u l t a n e o u s l y is 
m o r e qua l i t a t ive than quan t i t a t i ve in n a t u r e . It a p p e a r s f r o m the r e s u l t s 
of th i s i n v e s t i g a t i o n tha t f u r t h e r s tudy and e x p e r i m e n t a t i o n i s w a r r a n t e d . 
A quan t i t a t i ve s tudy of the flow p a t t e r n s in the wake of a l ift ing 
rotor would be p o s s i b l e if an e n t i r e r a d i a l c r o s s - s e c t i o n of the v o r t e x 
s h e e t s could be p h o t o g r a p h e d with suff ic ient c l a r i t y for an a n a l y s i s , 
p a r t i c u l a r l y n e a r the wake p e r i p h e r y . C o n s i d e r a t i o n should be given 
in fu tu re e x p e r i m e n t s of th i s n a t u r e to the use of c o l o r e d s m o k e and 
co lo r p h o t o g r a p h y which would p r o v i d e a m e a n s of d i s t i n g u i s h i n g the 
ind iv idua l s m o k e p l u m e s when o p e r a t i n g s i m u l t a n e o u s l y . 
C H A P T E R I 
INTRODUCTION 
A quan t i t a t ive p i c t u r e of the flow in the wake of a l ift ing r o t o r 
is r e q u i r e d for h e l i c o p t e r f o r c e a n a l y s i s . T h e r e h a s been c o n s i d e r a b l e 
t h e o r e t i c a l and e x p e r i m e n t a l i n v e s t i g a t i o n of the a i r - f l o w p a t t e r n s 
about l ift ing r o t o r s and the r e s u l t s have p r o v e d a d e q u a t e for m a n y 
types of h e l i c o p t e r a n a l y s i s . V e r y l i t t l e work h a s been done r e l a t i v e 
to the v o r t e x s h e e t s in the wake and t h e i r effect on the flow p a t t e r n . 
One of the m o s t r e c e n t w o r k s in t h i s f ield by G r a y (1)* was an a n a l y t i c a l 
and e x p e r i m e n t a l d e t e r m i n a t i o n of the mo t ion of the h e l i c a l v o r t e x shed 
f r o m the t ip of a m o d e l r o t o r t o g e t h e r with the a p p r o x i m a t e pos i t i on of 
the v o r t e x s h e e t . 
The p u r p o s e of t h i s s tudy was to l e a r n m o r e of the flow p a t t e r n 
in the wake of a l if t ing r o t o r by an e x p e r i m e n t a l d e t e r m i n a t i o n of the 
pos i t i on , shape and m o v e m e n t of a v o r t e x shee t in the wake . T h i s was 
a c c o m p l i s h e d by m e a n s of an a i r - f l o w s m o k e v i s u a l i z a t i o n t echn ique 
and m o t i o n p i c t u r e p h o t o g r a p h y . 
A i r - f l o w v i s u a l i z a t i o n s t u d i e s of wake p a t t e r n s have t a k e n m a n y 
f o r m s such as the p h o t o g r a p h y of b a l s a wood dus t . Smoke was chosen 
^ 'Numbers in p a r e n t h e s e s r e f e r to i t e m s in the b i b l i o g r a p h y . 
as the indicating ma te r i a l for this experiment because of the desi rable 
cha rac te r i s t i c s of being easi ly produced, photogenic, and most im-
portant , having negligible m a s s . It would appear that an indicating 
mate r i a l such as smoke would be bet ter than balsa dust which has an 
average free-fal l velocity in a i r of approximately one foot per second, 
as stated in (2), and thus would affect any quantitative analysis of low 
velocity flow pat te rns such as used in this investigation. 
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CHAPTER II 
EQUIPMENT AND INSTRUMENTATION 
Model rotor blades . - -The model rotor was of the " tee ter ing" type, 
having blades constructed with a steel leading edge, a laminated walnut 
trai l ing edge, and a square tip. The blades were of airfoil contour 
from a radius of 4. 50 inches out and had the following cha rac t e r i s t i c s : 
Diameter 48 inches 
Blade section (no twist) NACA 43015 
Blade chord 
root chord (extended) 3.016 inches 
tip chord 1. 508 inches 
Taper rat io Z: 1 
The blade collective pitch could be manually p re se t from zero to ten 
degrees . 
Rotor tes t mount. - -The rotor hub was mounted on an aluminum shaft 
which was supported and contained within two hollow aluminum tubes as 
shown in Figure 1. The outer aluminum tube was flanged and bolted to 
a s t ruc tura l support rigidly suspended from the ceiling. The rotor 
blades were thus positioned in the center of a closed room 16 feet wide, 
43 feet long, and 11 feet high. As shown in Figure 2, a belt drive from 
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the m o t o r to the hub pu l ley r o t a t e d the i n n e r tube and the r o t o r shaf t . 
The r o t o r shaft was d r i v e n t h r o u g h a ba l l b e a r i n g and s l ip u n i v e r s a l 
jo int a s s e m b l y keyed to the r o t o r shaf t . A b e a m s t r a i n - g a g e s u p p o r t e d 
the weight of the r o t o r shaft a s s e m b l y . An a l u m i n u m s u p p o r t d i a p h r a g m 
a c t e d as a c e n t e r i n g guide for the r o t o r shaf t . The effect of the d i a -
p h r a g m on the v e r t i c a l m o v e m e n t of the shaft was c o n s i d e r e d n e g l i g i b l e . 
The p i t ch a d j u s t m e n t yoke p r o v i d e d the ad jus t ing l inkage for the b lade 
p i tch angle and a l s o s e r v e d as a f lapping s top . P o w e r was supp l i ed by 
a one-ha l f h o r s e p o w e r , 24 -vo l t , d i r e c t c u r r e n t a i r c r a f t m o t o r , a s 
shown in F i g u r e 3, t h rough a r u b b e r t i m i n g be l t . T h i s m o t o r was f r ee 
to r o t a t e a g a i n s t a b e a m s t r a i n - g a g e which m e a s u r e d the t o r q u e . As 
shown in F i g u r e 4, a r e c t i f i e r o p e r a t i n g f r o m a 220-vo l t c o m m e r c i a l 
p o w e r s o u r c e supp l ied the f ield of the g e n e r a t o r and the f ie ld of the 
d r i v i n g m o t o r . A one h o r s e p o w e r , t h r e e p h a s e , i nduc t ion m o t o r o p e r a t -
ing f r o m a 220 -vo l t c o m m e r c i a l p o w e r s o u r c e o p e r a t e d the 24-vo l t 
d i r e c t c u r r e n t g e n e r a t o r . The vo l tage suppl ied by the r e c t i f i e r to the 
f ield of the g e n e r a t o r was r e g u l a t e d t h rough a 96 ohm r h e o s t a t which 
in t u r n r e g u l a t e d the output of the g e n e r a t o r to the a r m a t u r e of the 
d r iv ing m o t o r . By th i s m e a n s the r p m of the r o t o r could be v a r i e d 
f r o m a low s p e e d for c a l i b r a t i o n to a h i g h e r speed for conduc t ing the 
t e s t s . The output and field vo l tage of the g e n e r a t o r and the f ield vo l tage 
of the d r i v i n g m o t o r w e r e m o n i t o r e d t h rough v o l t m e t e r s in the c i r c u i t . 
The r p m of the r o t o r b l a d e s was m e a s u r e d by m e a n s of a c o m m u t a t o r 
moun ted on the hub pu l ley . The t h r u s t and r p m of the r o t o r b l a d e s and 
the t o r q u e of the d r i v i n g m o t o r w e r e r e c o r d e d by an o s c i l l o g r a p h as 
shown in F i g u r e s 5 and 6. A b lade a z i m u t h pos i t i on i n d i c a t o r which 
c o n s i s t e d of a p o i n t e r and a d ia l was moun ted on the r o t o r t e s t moun t . 
The p o i n t e r was keyed to the shaft of a s e l s y n m o t o r . The s e l s y n g e n e -
r a t o r was d r i v e n t h r o u g h a two to one g e a r r e d u c t i o n r a t i o by an i d l e r 
shaft o p e r a t i n g f r o m the t im ing be l t . 
Smoke s o u r c e . - - T e n s m o k e p r o b e s w e r e s u s p e n d e d on a w i r e ex tending 
r a d i a l l y and s ix i nches above the p lane of the r o t o r . The m o s t i n b o a r d 
p r o b e was l o c a t e d s ix i n c h e s f r o m the ax i s of the r o t o r shaft . The r e -
ma in ing p r o b e s w e r e p l a c e d a t t h r e e inch i n t e r v a l s . A p r o b e c o n s i s t e d 
of an eye d r o p p e r l o o s e l y p a c k e d with cot ton with a wick in the t i p . 
T i t a n i u m t e t r a c h l o r i d e i n t roduced into the d r o p p e r s a t u r a t e d the cot ton 
and was e x p o s e d to the a t m o s p h e r e t h rough the wick r e s u l t i n g in a 
dense p lume of s m o k e . 
C a m e r a and l igh t ing . - - A 16mm m o v i e c a m e r a p h o t o g r a p h e d a r a d i a l 
c r o s s s e c t i o n of the wake of the r o t o r b l a d e s m a t e r i a l i z e d by the s m o k e , 
The c a m e r a was p o s i t i o n e d eight feet f r o m the c r o s s s ec t i on of the 
wake . The op t i ca l ax i s of the c a m e r a was n o r m a l to the c e n t e r of the 
c r o s s s e c t i o n of the wake . The c a m e r a was equipped with a 16mm, 
f 1. 6 l e n s and o p e r a t e d at 64 f r a m e s p e r s econd . Two banks of four 
300-wat t r e f l e c t o r flood l igh t s e ach , p l a c e d on the f loor , i l l u m i n a t e d 
the f ront and back of the c r o s s s e c t i o n of the wake . 
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C H A P T E R III 
P R O C E D U R E 
C a l i b r a t i o n . - - T h e i n s t r u m e n t a t i o n was given a s t a t i c c a l i b r a t i o n p r i o r 
to the i n s t a l l a t i o n of the r o t o r b l a d e s . The d i a p h r a g m s u p p o r t e d the 
weight of the r o t o r shaft a s s e m b l y l e s s b l a d e s . Known weigh ts we re 
s u s p e n d e d f r o m the b o t t o m of the r o t o r shaft and a c a l i b r a t i o n r e c o r d 
was m a d e on the o s c i l l o g r a p h . The m a x i m u m weight added du r ing 
the c a l i b r a t i o n c o r r e s p o n d e d to the weight of the r o t o r b l a d e s . A c a l i -
b r a t i o n r e c o r d r e f l e c t e d a load ing and unloading of the b e a m s t r a i n -
gage . An a v e r a g e value ob ta ined f r o m th i s r e c o r d was u s e d to c o n v e r t 
the t h r u s t s t r a i n - g a g e da ta to t h r u s t . The t h r u s t p r o d u c e d by the 
b l a d e s d u r i n g the t e s t s had the effect of unloading the s t r a i n - g a g e . The 
to rque s t r a i n - g a g e was c a l i b r a t e d by suspend ing known weigh ts d i r e c t l y 
f r o m the b e a m of the s t r a i n - g a g e . F r i c t i o n t o r q u e was d e t e r m i n e d by 
hanging we igh t s to the b o t t o m of the shaft which was r o t a t e d without 
b l a d e s . 
T e s t p r o c e d u r e . - - I m m e d i a t e l y be fo re and a f t e r each t e s t run , an 
o s c i l l o g r a p h r e c o r d i n g was m a d e while the b l a d e s w e r e r o t a t i n g at a 
v e r y low r p m to e s t a b l i s h the z e r o t h r u s t . T i t a n i u m t e t r a c h l o r i d e was 
i n t r o d u c e d into one of the s m o k e p r o b e s . The r o t o r b l a d e s w e r e then 
brough t up to t e s t s p e e d (400-500 r p m ) . When the flow of smoke 
t h r o u g h the r o t o r b l ades a p p e a r e d to have r e a c h e d a s t e ady s t a t e , the 
c a m e r a and o s c i l l o g r a p h w e r e o p e r a t e d s i m u l t a n e o u s l y for a one to 
two s econd p e r i o d . T h i s p r o c e d u r e was r e p e a t e d for e a c h smoke p r o b e . 
F o r r e f e r e n c e , the s m o k e p r o b e s w e r e n u m b e r e d one t h r o u g h ten 
s t a r t i n g with the m o s t i n b o a r d p r o b e . In i t i a l ly i t was p l anned to have 
al l of the s m o k e p r o b e s o p e r a t i n g s i m u l t a n e o u s l y ; h o w e v e r , when t h i s 
was t r i e d the p a t h s of the m o s t o u t b o a r d s m o k e p l u m e s could not be 
c l e a r l y d i s t i n g u i s h e d f r o m one a n o t h e r , a s shown in F i g u r e 7. 
A b lade p i t ch angle of nine d e g r e e s was se t by m e a n s of the 
p i t ch a d j u s t m e n t y o k e . All of the t e s t s w e r e run with the s a m e b lade 
p i tch a n g l e . 
Reduc t ion of da t a . - - T h e g e n e r a l conf igura t ion and m o v e m e n t of a v o r t e x 
shee t e l e m e n t in the wake of the r o t o r was d e t e r m i n e d by a f r a m e by 
f r a m e s tudy of the m o t i o n p i c t u r e s . E a c h s m o k e p l u m e m a t e r i a l i z e d 
an e l e m e n t of the v o r t e x s h e e t . The e l e m e n t s f r o m each s m o k e p l u m e 
w e r e t r a c e d in t h e i r pa th t h r o u g h the wake f r o m a o n e - q u a r t e r s c a l e 
p r o j e c t i o n of the f i lm . E a c h f r a m e of the f i lm a l s o i n d i c a t e d the b lade 
a z i m u t h p o s i t i o n . A s e q u e n c e of p h o t o g r a p h s showing the m o v e m e n t of 
a v o r t e x s h e e t e l e m e n t is shown in F i g u r e 8. A t yp i ca l p lo t of a v o r t e x 
shee t e l e m e n t i s shown in F i g u r e 9. 
F r o m each v o r t e x s h e e t e l e m e n t p lo t , the a v e r a g e n o n - d i m e n s i o n a l 
r e c t a n g u l a r c o o r d i n a t e s , r / R and Z / R , for each pos i t i on of the v o r t e x 
8 
s h e e t e l e m e n t in a r a d i a l p l ane in the wake w e r e p lo t t ed v e r s u s the 
a z i m u t h ang le of the r o t o r b lade m e a s u r e d c l o c k w i s e f r o m the l ine of 
s m o k e p r o b e s , u/ . F r o m th i s da ta it was p o s s i b l e to m a k e a s u p e r -
p o s i t i o n of the p l o t s of the ind iv idua l v o r t e x s h e e t e l e m e n t s , as shown 
in F i g u r e 10, i r r e s p e c t i v e of the d i f f e r e n c e s in r o t o r s p e e d , _/T- , b e -
tween t e s t r u n s . The g e n e r a l con f igu ra t ion and m o v e m e n t of the v o r t e x 
shee t i s shown p e r 90 d e g r e e s of b l ade r o t a t i o n . 
The pa th of the v o r t e x s h e e t e l e m e n t s in the wake of the r o t o r 
was d e t e r m i n e d by jo in ing the c o n s e c u t i v e v o r t e x s h e e t e l e m e n t s with 
a s m o o t h c u r v e a s shown in F i g u r e 11. 
F r o m F i g u r e 10 and knowing JL , it was p o s s i b l e to d e t e r m i n e 
the n o r m a l c o m p o n e n t of induced ve loc i ty of the v o r t e x s h e e t e l e m e n t s 
in the r o t o r wake a s shown in F i g u r e 12. The n o r m a l c o m p o n e n t of 
the induced ve loc i ty at the p lane of the r o t o r was d e t e r m i n e d by e x t r a -
po la t ion to Z = 0 f r o m F i g u r e 1Z. T h e s e v a l u e s a r e shown in Tab le 1. 
The m o m e n t u m t h e o r y was u s e d to d e t e r m i n e a va lue of C ^ with 
the a s s u m p t i o n tha t the wake i s fully deve loped at Z / R = 0. 75. F r o m 
the m o m e n t u m t h e o r y 
dT = 4 7rf v£
2 r d r 
o r dC / d r = v ^ r / 4 ^ 
The n o r m a l componen t of induced ve loc i ty of the wake v o r t e x s h e e t 
e l e m e n t , v . , e v a l u a t e d at Z / R = 0. 75, was d e t e r m i n e d f r o m F i g u r e 12 
and a c o r r e s p o n d i n g va lue of the v o r t e x e l e m e n t r a d i u s , r , was d e t e r -
m i n e d f r o m F i g u r e 11 . By g r a p h i c i n t e g r a t i o n of the above equa t ion , 
C T = 0 . 0 0 5 0 3 . 
No e v a l u a t i o n of the t h r u s t and t o r q u e s t r a i n - g a g e da t a to d e t e r -
mine an e x p e r i m e n t a l va lue of C ^ and C „ was p o s s i b l e b e c a u s e of a 
ma l func t ion of the o s c i l l o g r a p h r e c o r d e r . Th i s fac t was not d i s c o v e r e d 
unt i l a f t e r the t e s t i n g a p p a r a t u s and i n s t r u m e n t a t i o n had been d i s -
a s s e m b l e d and c o n v e r t e d to o t h e r u s e s . 
C H A P T E R IV 
DISCUSSION O F R E S U L T S 
The p o s i t i o n of a p a r t i c u l a r v o r t e x s h e e t e l e m e n t in F i g u r e 10 
and the pa th of a v o r t e x shee t e l e m e n t in F i g u r e 11 r e p r e s e n t s only 
the p o s i t i o n and pa th a s d e t e r m i n e d for the p a r t i c u l a r s e q u e n c e of 
p h o t o g r a p h s s tud i ed . C o g n i z a n c e m u s t be t aken of th i s fact b e c a u s e 
the pa th t a k e n by a p a r t i c u l a r smoke p l u m e was not s t e a d y . T h e r e was 
no a p p a r e n t p e r i o d i c i t y in the r a d i a l m o v e m e n t of the s m o k e p l u m e s in 
the p l ane of the r o t o r . The r a d i a l m o v e m e n t of a p l u m e in the p lane 
of the r o t o r v a r i e d f r o m i 0 . 5 i n c h e s for No. 1 p r o b e to ± 3 . 0 i n c h e s 
for p r o b e N o s . 8 and 9. The p l u m e f r o m No. 10 p r o b e v a r i e d rfc T. 5 
i n c h e s , but on one o c c a s i o n wafted up and c a m e down t h r o u g h the c e n t e r 
of the b lade r a d i u s , and on a n o t h e r o c c a s i o n c u r l e d u n d e r the t ip of the 
b l a d e . No a t t e m p t was m a d e to m e a s u r e the r a d i a l o s c i l l a t i o n s of the 
s m o k e p l u m e s in the wake . It i s i n t e r e s t i n g to note tha t the p a r t i c u l a r 
s e q u e n c e of p h o t o g r a p h s s tud ied p l a c e d the e n t r y of the s m o k e p l u m e 
f r o m No. 10 p r o b e at r = 0. 83 which c o i n c i d e s with the va lue of the 
in i t i a l wake r a d i u s c o m p u t e d by the m e t h o d of (3). The p o i n t s of e n t r y 
into the p l ane of the r o t o r r e p r e s e n t , with one e x c e p t i o n , m e d i a n po in t s 
of the r a d i a l v a r i a t i o n s of the ind iv idua l s m o k e p l u m e s . No a c c e p t a b l e 
p lot of the s m o k e p l u m e f r o m p r o b e No. 8 could be ob ta ined and the 
plot i n d i c a t e d i s not a t a m e d i a n po in t . It "Will be no ted in F i g u r e 11 
tha t s o m e of the p a t h s of the v o r t e x shee t e l e m e n t s a p p a r e n t l y c r o s s . 
Th i s i s c a u s e d by the u n s t e a d i n e s s of the flow coupled with the i n d i v i -
dual a n a l y s i s of the s m o k e p l u m e s a s exp la ined above , and the fact 
that t h e r e i s a r o t a t i o n of the wake . What h a s been d e p i c t e d in F i g u r e s 
10 and 11 a s a t w o - d i m e n s i o n a l f low p a t t e r n i s a c t u a l l y of a t h r e e -
d i m e n s i o n a l n a t u r e and hence s o m e d i s t o r t i o n i s to be e x p e c t e d . A 
d i s p l a c e m e n t of the s m o k e p l u m e s in the t a n g e n t i a l d i r e c t i o n a t the 
p lane of the r o t o r was no ted when o b s e r v a t i o n s w e r e m a d e a long the 
b lade a x i s . T h e r e was a v a r y i n g t a n g e n t i a l d i s p l a c e m e n t of the s m o k e 
p l u m e s in the d i r e c t i o n of r o t a t i o n which was v e r y s m a l l at the m o s t 
i n b o a r d s t a t i o n and b e c o m i n g m o r e p r o n o u n c e d when the p l u m e o r i g i n a t e d 
ou t s ide of the r o t o r p l a n e . 
F r o m F i g u r e 10 the fol lowing g e n e r a l o b s e r v a t i o n s can be m a d e 
c o n c e r n i n g the g e n e r a l con f igu ra t ion and m o v e m e n t of the v o r t e x shee t : 
The l eng th of a c r o s s s e c t i o n of the v o r t e x s h e e t in a r a d i a l p l ane i n -
c r e a s e s a s i t m o v e s t h r o u g h the wake . A n o n l i n e a r i n c r e a s e in the 
n o r m a l c o m p o n e n t of i nduced ve loc i ty of the v o r t e x s h e e t e l e m e n t s with 
an i n c r e a s e in r a d i u s , coupled with a n o n l i n e a r r a d i a l m o v e m e n t i n -
b o a r d , c a u s e s the o u t b o a r d por f ion of the s h e e t to m o v e down t h r o u g h 
the wake f a s t e r than the i n b o a r d p o r t i o n and an a p p a r e n t r o t a t i o n of the 
i n b o a r d p o r t i o n about the m o s t i n b o a r d e l e m e n t . C o n s i d e r i n g only a 
m e a s u r e m e n t in the r a d i a l d i r e c t i o n , the v o r t e x shee t c o n t r a c t s with 
the m o v e m e n t t h r o u g h the wake . 
The e x p e r i m e n t a l v a l u e s of the n o r m a l c o m p o n e n t of i nduced 
ve loc i ty at the p l ane of the r o t o r a r e c o m p a r e d n o n d i m e n s i o n a l l y in 
Tab l e 1 and F i g u r e 13 to the v a l u e s ob ta ined in (4) for a t r i a n g u l a r d i sk 
l o a d i n g , and the v a l u e s g iven by the b lade e l e m e n t t h e o r y of (5). The 
e x p e r i m e n t a l v a l u e s i n d i c a t e t ha t the n o n d i m e n s i o n a l v e l o c i t y r a t i o 
v . / v. i s n o n l i n e a r out to a n o n d i m e n s i o n a l b l ade r a d i u s of r / R = 0. 7 
in c o n f o r m i t y with the b l ade e l e m e n t t h e o r y and then b e c o m e s l i n e a r 
out to a b l ade r a d i u s of r / R - 0. 83 in the f a sh ion of a t r i a n g u l a r d i sk 
l o a d i n g . The e x p e r i m e n t a l v a l u e s tha t w e r e p lo t t ed in F i g u r e 13 c o r -
r e s p o n d to the p r o b e s whose s m o k e p l u m e s a r e i n d i c a t e d in so l id l i n e s 
in F i g u r e 1 1 . The r e l a t i v e l y s a t i s f a c t o r y a g r e e m e n t shown in F i g u r e 
13 would i n d i c a t e tha t t h e s e p a t h s of the v o r t e x e l e m e n t s a r e shown in 
t h e i r a p p r o x i m a t e m e d i a n p o s i t i o n s in the wake . 
By the m e t h o d s of (5), C T = . 004Z4 for the b lade ang le and 
r o t o r b l a d e s u s e d in t h i s e x p e r i m e n t whe re a va lue of the b lade e l e -
m e n t lift c u r v e s lope p e r r a d i a n , a , e q u a l s 5 . 8 3 was a s s u m e d . 
C a s t l e s (6), u s ing the s a m e r o t o r b l a d e s and Q but with an A t h a t was 
t h r e e t i m e s g r e a t e r , was in good a g r e e m e n t with t h i s va lue of Crp. 
If the* i n d e p e n d e n c e of the b l a d e ' e l e m e n t s i s a s s u m e d and if a of e a c h 
b lade e l e m e n t m a y be t a k e n to be t w o - d i m e n s i o n a l , t h e n the d i f f e r ence 
in R e y n o l d ' s N u m b e r b e t w e e n the e x p e r i m e n t s r e c o r d e d in (6) and t h i s 
e x p e r i m e n t would have the effect of i n c r e a s i n g the va lue of the lift 
13 
cu rve s lope f r o m the a s s u m e d a v e r a g e va lue of 5. 83 to abou t 7 a s i n d i -
ca ted in (7). Us ing the l a t t e r va lue of a in the b lade e l e m e n t t h e o r y 
would y ie ld a va lue of C T on the o r d e r of 0. 005 which would be in good 
a g r e e m e n t with the e x p e r i m e n t a l va lue d e t e r m i n e d f r o m the m o m e n t u m 
t h e o r y of 0. 00503. 
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C H A P T E R V 
CONCLUSIONS 
An e x p e r i m e n t a l s tudy of the g e n e r a l conf igura t ion and m o v e -
m e n t of a v o r t e x s h e e t in the wake of a h o v e r i n g l i f t ing r o t o r i n d i c a t e s 
tha t : 
1. The leng th of a c r o s s s ec t i on of the v o r t e x s h e e t in a r a d i a l 
p lane i n c r e a s e s a s i t m o v e s t h rough the wake . 
2. In the p lane of the r o t o r the n o r m a l componen t of induced 
ve loc i ty of the v o r t e x shee t e l e m e n t s is n o n l i n e a r out to a n o n d i m e n -
s iona l b lade r a d i u s of r / R : 0. 7 and v e r y n e a r l y l i n e a r f r o m r / R = 
0. 7 to r / R = 0. 83 . 
3. Along any given r a d i u s in the wake of the r o t o r , t h e r e is a 
n o n l i n e a r v a r i a t i o n in the n o r m a l componen t of induced ve loc i t y of the 
v o r t e x s h e e t e l e m e n t s . 
4. The flow at the p lane of the r o t o r and in the wake was un-
s t e a d y with no d i s c e r n i b l e p e r i o d i c i t y . 
5. B a s e d on the r e s u l t s pb ta ined f r o m t h i s e x p e r i m e n t , it a p -
p e a r s tha t f u r t h e r s tudy and e x p e r i m e n t a t i o n is w a r r a n t e d us ing the 
g e n e r a l t e c h n i q u e s of th i s i n v e s t i g a t i o n . 
C H A P T E R VI 
RECOMMENDATIONS 
To p r o v i d e a quan t i t a t ive p i c t u r e of the flow p a t t e r n s in the 
wake of a l if t ing r o t o r , it wil l be n e c e s s a r y to s tudy a s e r i e s of c o m -
p le t e flow p a t t e r n s . To a c c o m p l i s h th i s the wake flow p a t t e r n should 
be e v a l u a t e d f r o m a s e r i e s of s m o k e p l u m e s tha t a r e o p e r a t i n g s i m u l -
t a n e o u s l y . In any fu ture e x p e r i m e n t s of t h i s n a t u r e , s e r i o u s c o n s i d e r a -
t ion should be g iven to u s ing c o l o r e d s m o k e g e n e r a t o r s and co lo r 
p h o t o g r a p h y . 
If the smoke s t u d i e s w e r e to be r e p e a t e d , the s m o k e p r o b e s 
would be independen t of any connec t ion to the r o t o r t e s t m o u n t , a s any 
v i b r a t i o n of the t e s t moun t can c a u s e an i n t e r r u p t i o n of a s m o o t h flow 
of s m o k e if the two a r e l inked . 
C o n s i d e r a t i o n should be given in any fu ture s m o k e v i s u a l i z a t i o n 
s tud i e s by m o t i o n p i c t u r e p h o t o g r a p h y to m a k i n g d i r e c t m e a s u r e m e n t s 
f r o m a con t inuous ro l l of p h o t o g r a p h s r a t h e r than by the p r o j e c t i o n 
m e t h o d s u s e d . 
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F i g u r e 1. R o t o r T e s t Mount with B l a d e s A t t a c h e d 
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Figure 8. Photographs of the Movement of a Vortex Sheet 
Element in the Wake of a Two-Bladed Hovering Rotor 
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Figure 9. A Typical Plot of the Movement of a Vortex Sheet 
Element in the Wake of a Two-Bladed Hovering Rotor 
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Figure 10. A Plot of the Movement of a Vortex Sheet per 90 degrees of 
Blade Rotation in the Wake of a Two-Bladed Hovering Rotor 
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F i g u r e I I . The P a t h s of the V o r t e x Sheet E l e m e n t s 





F i g u r e 1Z. The A v e r a g e N o r m a l C o m p o n e n t of Induced Ve loc i t y of the 
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Figure 13. A Comparison of Exper imenta l and Calculated 
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